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Abstract
Plasmonic Gold Nanohole Arrays for Surface-Enhanced Raman Scattering
Peng Zheng
Localized and periodic optical modes co-exist in plasmonic nanohole arrays leading to a unique
mix of optical properties. In this thesis, a simultaneous experimental and theoretical investigation
is used to investigate the origin of each optical mode, explaining the mix between extraordinary
optical transmission, enhanced absorption, and local electromagnetic field concentration.
Additionally, the hole array diameter, film thickness, and periodicity are systematically varied to
explore the tuning and cross over between the multiple optical modes. The nanohole array to
nanotriangle array transition is investigated, showing how the localized surface plasmon
resonance evolves into the periodic surface plasmon polariton mode. These effects are correlated
to the SERS intensity, revealing the relative amount that defects, the local field strength, and the
reflectance combine to modulate performance.
Optimization of the SERS and optical related parameters is used to create a facile, ultrasensitive,
highly selective, and reproducible sensor for silver ion detection based on Au nanohole arrays
and Au nanostar@MGITC@SiO2 sandwich nanostructure. In the presence of silver ions, C-Ag+C mismatches hybridize to bring single stranded DNA attached to the Au nanohole array and Au
nanostar@MGITC@SiO2 together. This hybridizes the local electromagnetic field between the
two plasmonic nanostructures, increasing the SERS intensity, and allowing a limit of detection of
170 fM. The complimentary DNA sequence lends to excellent stability and anti-interference. The
design parameters, physical origin, and sensor design strategy developed in this thesis will guide
the future development of plasmonic light enhancement architectures and SERS based sensors.
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Chapter 1: Introduction
1.1 Motivation
Plasmonics allows the manipulation of light using resonances controllable through
nanofabrication. This is especially evidenced in the case of metallic films, which after patterning
with nanoscale holes, transform into a tunable optical concentrator with multiple possible
modes.1-4 While flat metal films can support surface plasmon resonance, the momentum
mismatch prevents incident light from exciting this mode. When patterned, the periodic hole
array supplies the extra momentum at a resonance wavelength determined by the pitch and hole
size, creating unique plasmonic phenomena such as extraordinary optical transmission and local
electromagnetic field concentration.
The ability of surface plasmon resonance (SPR) to manipulate light has evolved the phenomenon
into a powerful analytical tool5. In 1902, Wood first observed rapid intensity variations on
narrow spectral regions in his reflection gratings experiment, which is now called Wood’s
anomalies6. While this was the first observation of the phenomenon of SPR, it took quite a few
great scientists, such as Lord Rayleigh and Fano, several decades before a complete theory was
established. In 1957, Ritchie first theoretically introduced SPR7. In 1968, 66 years after the first
observation of SPR by Wood, Otto successfully excited SPR through the evanescent field in an
attenuated internal reflection method.
SPR is found in two unique forms, surface plasmon polaritons (SPP) and localized surface
plasmon resonance (LSPR), and this duality is found in gold nanohole arrays. SPP leads to
extraordinary optical transmission through the nanoholes, while LSPR leads to an enhanced
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absorption and intense concentration of the local electromagnetic field. The LSPR and SPP shift
with changes in the local refractive index, allowing for biomolecular interaction monitoring.
Commercially available SPR sensors are built based on the Kretschmann configuration8 or Otto
configuration9, which involve using a prism to supply the necessary momentum to excite SPR in
a thin metal film. These types of sensors are not molecule specific, and require a complicated
experimental setup. Hole arrays allow for the removal of the coupling prism, simplifying the
sensor. Further, nanohole arrays support both LSPR and SPP, which have different refractive
index sensitivities and effective sensing distances. The local electromagnetic field can also be
used for SERS, allowing molecule specific detection.
Despite these advantages, the dual optical response of nanohole arrays remains poorly
understood, with the complex crossover between localized and propagating modes, as well as the
possible field enhancements, preventing the systematic design of SERS based sensors. Therefore,
in this thesis, not only will the experimental parameters that control the LSPR and SPP modes be
explored, but finite difference time domain (FDTD) analysis will also be used to explore the
physical origin of each mode. The knowledge gained is then used to build an optimized SERS
sensor for Ag ion detection, resulting in a limit of detection of 170 fM.

1.2 Objectives
The thesis is dedicated to the investigation and manipulation of the plasmonic field supported by
Au nanohole arrays, as well as to the exploitation of the plasmonic field to build a SERS sensor
for environmental monitoring. Specifically, the following aspects are to be investigated:
(1) Implement nanosphere lithography (NSL) technique for fabrication of nanohole arrays
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NSL is a commonly used technique in nanofabrication capable of producing wellcontrolled and well-ordered nanoparticle/nanohole arrays10-12. It is characterized by its
simple, low-cost, high-throughput, inherently parallel, and materials-general merits.
Polystyrene (PS) spheres are used as the pattern mask with deposited metal forming the
underlying nanoarray. Different PS sphere sizes and etching of the spheres can result in
metallic nanoarrays of different sizes. The correlation of the various etching time of PS
spheres with the resulting metallic nanoarrays will be investigated.
(2) Study the evolution of the optical properties of the transition from Au nanotriangle arrays
to Au nanohole arrays
In NSL, by controlling the PS spheres etching time, a series of shapes ranging from Au
nanotriangle arrays to Au nanohole arrays can be obtained. This provides the basis for an
experimental study of how the optical properties evolve with the transition from localized
Au nanotriangles to Au nanohole arrays. FDTD simulations will be used to understand
the origin of the measured optical properties.
(3) Investigate the correlation of the optical properties with the SERS performance of Au
nanohole arrays
Au nanohole arrays support strong EM fields which can produce a large SERS
enhancement. However, there is a lack of understanding of how the hole geometry, size,
pitch, and transition from nanotriangle to nanohole contribute to the overall observed
Raman performance. Therefore, the correlation of the optical properties of the Au
nanohole arrays with SERS performance will be investigated and explained using FDTD
simulations.
3

(4) Develop a SERS sensor for silver ions detection based on coupled Au nanostars and
nanohole arrays
The study of the optical properties and the correlation with SERS performance will
provide a guideline in selecting the appropriate Au nanohole arrays for optimal
performance and how these parameters can be optimized to overcome current drawbacks
in Au nanohole arrays based sensors. Further, Au nanostars have demonstrated excellent
SERS performance13-16, and they will be combined with the Au nanohole array to further
improve the detection of silver ions.

1.3 Significance
Study of the optical properties of the Au nanoarrays provides us with guidelines needed to
control the plasmonic behavior, as well as to uncover the optimal conditions under which the Au
nanohole arrays can enhance Raman scattering and allow the development of a SERS sensor.
This work manifests its significance in the following aspects:
(1) Exploration of a general trend of size- and shape-dependent resonance modes on Au
nanohole arrays provides a useful guideline in manipulating the electromagnetic fields of
nanostructures.
(2) Exploration of the correlation between plasmonic substrates and the optimal SERS
performance provides a knowledge that is useful in engineering SERS substrate specific
to the needs.
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(3) Exploration of highly sensitive and selective sensors provides a powerful and practical
technique on environmental monitoring, biological detection, and early diagnosis of
diseases.

1.4 Thesis organization
The thesis consists of five chapters. Chapter One gives a general introduction to the topic of the
thesis. Chapter Two focuses on the background introduction and literature review of the topic.
Chapter Three launches a systematic study of the transition from gold nanotriangle arrays to gold
nanohole arrays. A combination of experimental results and FDTD simulations allows an indepth understanding of the optical properties of gold nanohole arrays. In Chapter Four, a SERS
sensor is built for silver ions detection using the knowledge learned about hole arrays. Chapter
Five is a summary of the results and a brief perspective for future research.
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Chapter 2 Background and Literature Review
2.1 Plasmonics
2.1.1 Surface Plasmon
A plasmon is defined as a quasiparticle resulting from the quantization of collective electron
oscillations in solids17. The plasma frequency of a metal is given by

√

where

is

the density of electrons and meff is the effective mass18.
At the plasma frequency the electrons in the metal oscillate 180 degrees out of phase with the
incident field, leading to a negative real part of the dielectric constant and reflection of incident
light at frequencies smaller than the plasma frequency. This effect, in combination with
interband transitions, gives metals their characteristic color. The high electron density of metals
usually places the plasma frequency in the UV to visible range, but heavily doped
semiconductors can have near infrared plasma frequencies.
2.1.2 Surface Plasmon Polaritons
At frequencies below the plasma frequency the electromagnetic field is stored in the collective
electron oscillations, raising the possibility for confining the incident field to sub-wavelength
volumes. One way to achieve this is in a thin metal film. The resulting boundary conditions
quantize the plasma oscillations, creating surface plasmon polaritons (SPP).
A SPP describes the collective electron oscillations at a dielectric-metallic interface. The SPP
behaves like a surface wave and can be obtained by solving Laplace’s equation since the net
surface charges are zero. Across the interface, both the tangential component of the electric field
6

and the normal component of the electric displacement are held continuous in order to satisfy the
boundary conditions, which are subject to the condition:
(1)
where

is the dielectric constant of the adjacent dielectric,

is the metal dielectric function.

The above equation suggests that when the metal and dielectric have opposite sign but equal real
parts of the permittivity, a resonance will occur. As discussed, this condition is met at the plasma
frequency of the metal19.
The frequency of surface plasmon on planer metallic film is determined from the plasma
frequency of the metal plus the boundary conditions set by the planar geometry20:

(2)

√

where

is the plasma frequency. In vacuum, the SPP frequency is

√

, the surface

boundary conditions red-shifting the UV plasma frequency to the visible SPP resonance.
As shown in Figure 2.1, SPP behaves as a planar propagating electromagnetic wave highly
confined to the interface and decaying with increasing distance away from the interface. The
propagation distance depends on the imaginary part of the dielectric function of the metal. While
propagating, it gradually loses energy due to metallic absorption (Ohmic losses) and other
radiative and non-radiative scattering21. The evanescent SPP field decays exponentially into the
metal and the dielectric. The decay length is dielectric-dependent with larger dielectric constants
leading to shorter decay lengths. The SPP is tightly confined to the interface, allowing subwavelength concentration of the incident electromagnetic field with strong intensity20.
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Figure 2.1 Schematic illustration of the surface plasmon polaritions at the interface between the dielectric
and the metallic surface22.

The SPP can not be excited by incident light due to the momentum mismatch between the SPP
sub-wavelength wavevector and free space. The momentum of the SPP on a smooth metallic
surface can be derived from the dispersion relation20:

(3)

where

is the free space wavevector. For short SPP wavevectors (photon-like excitations), the

transverse component of the electric field of SPP dominates, making the dispersion relation
curve close to the light line, as shown in Figure 2.2. For long wavevectors (plasmon-like
excitations), the transverse and longitudinal components are comparable.
Two independent SPP resonance modes for each dielectric interface can be excited
simultaneously for a thick metallic film. The modes are degenerated if the two interfaces are
identical. The two independently excited SPP resonance modes will interact provided the
8

metallic film is thin enough. The interaction, if strong enough, will significantly modify the
dispersion relation and even break the degeneracy of the resonance modes, splitting the surface
plasmon frequency into two branches corresponding to symmetric (low frequency mode) and
antisymmetric (high frequency mode) electromagnetic field distributions.

Figure 2.2 Shown in red is the dispersion relation of surface plasmon polaritons on the dielectric-metallic
interface. Also shown are the surface plasmon frequency, bulk plasma frequency, the light line in air, and
the light line in dielectric.

As the dispersion curve of SPP lies on the larger-wavevector side of the light line20, it cannot be
excited directly by incident light from the adjacent dielectric (Figure 2.2). In order to excite the
SPP, extra momentum must be supplied to balance the SPP wavevector. One popular method is
using the evanescent field in total internal reflection or a diffraction grating. Total internal
reflection occurs in a prism with a large dielectric constant when the incident angle exceeds the

9

critical angle. The incident light gains extra momentum due to the large dielectric constant of the
prism and can therefore match the SPP at certain incident angles17:
√

(4)

Using the evanescent field in total internal reflection is adopted in both Kretschmann and Otto
configurations, which are two characteristic concepts in exciting SPP resonance mode9, 23, 24.
Using a diffraction grating is another way to satisfy wavevector conservation. Bragg-like
scattering is controlled by the incident angle, periodicity, lattice vector, and dielectric constant.
The diffraction coupling condition for a SPP is given by17:

(5)

where

is the refractive index of the dielectric medium, m and n are integers which determine

the propagation direction, p is the periodicity, i and j are the unit lattice vectors.
In summary, SPP behave as a propagating electromagnetic wave highly concentrated at the
interface with frequency given by the dispersion relation. SPP cannot be directly excited by
incident light, but instead requires additional momentum.
2.1.3 Localized Surface Plasmon Resonance
If the thin metal film is further reduced in volume so that the dimensions are smaller than the
incident wavelength, the retardation effects are negligible, and the electrons across the
nanoparticle oscillate in phase. This phenomenon is known as localized surface plasmon
resonance (LSPR) and is usually excited on curved metallic objects, such as metallic
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nanoparticles and voids of various topologies, with the topology supplying the additional
momentum to couple directly to incident light20. The electromagnetic properties of LSPR can be
approximated electrostatically. The boundary conditions that determine the LSPR frequency are
dependent on the shape, size, and dielectric constant of the metallic objects25. LSPR allows the
incident light to be highly concentrated, leading to an intense local electromagnetic field.

Figure 2.3 Schematic illustration of the dipolar excitation of the localized surface plasmon resonance
(LSPR) of metallic nanoparticle26.

For a metallic nanopshere whose size is far smaller than the incident wavelength, as shown in
Figure 2.3, the frequency of LSPR is given by17:

(6)

where l is angular momentum of LSPR, l can only be positive integers. The above equation
indicates the frequency of the LSPR is discrete, and does not follow a dispersion relation like the
SPP. This reflects the fact that LSPR can be excited by free space light without additional
momentum matching, with the resonance frequency instead depending on the size of the
nanoparticle. For smaller nanoparticles, dipolar resonances are excited for l=1. With an increase
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of the nanoparticle size, scattering becomes increasingly dominant and higher resonance modes
(like quadruple, octupole, etc.) are excited. In the large size limit, the LSPR resonance
approaches that of the surface plasmon resonance on flat metallic surface, i.e. if

, then

√

On roughened or defect-containing flat metallic surface, LSPR can occur and excite SPP modes
nonradiatively. Conversely, when SPP encounter roughened features or defects, LSPR can be
excited20. When the frequency of both LSPR and SPP are very close, they couple with each other
and lead to a significant enhancement of the electromagnetic field27. LSPR-LSPR coupling also
happens when the distance among individual nanoparticles are within the decay length. Both
forms of plasmonic hybridization lead to even larger field confinement and local enhancement.

2.2 Optical Properties of Gold Nanohole Arrays
2.2.1 Bethe’s Theory of Diffraction
Light interacting with a small pinhole was historically described as traveling through it and
creating an inverted image on the other side. A higher resolution image can result from a smaller
pinhole. However, this is balanced with diffraction effects which blur the image.
In the 17th century, the phenomenon of diffraction from a circular aperture was first
approximated by Grimaldi. Yet, it was not until in 1942 that Bethe28 theoretically treated the
interaction between electromagnetic radiation and a subwavelength hole exactly. His prediction
of a very weak transmission below the cut-off condition dominated the understanding of
subwavelength optical properties for over 50 years, until the discovery of extraordinary optical
transmission (EOT) in 1998 by Ebbesen1.
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Bethe conceived an idealized scenario in which the diffraction of electromagnetic waves took
place at a circular hole in a perfectly thin conducting plane. For an incident wavelength λ, the
optical transmission efficiency η (normalized to the hole area), follows the relation.
(7)
where

describes the incident wavevector and

is the radius of the hole. From

equation (1), the optical transmission efficiency decreases as the fourth power of the ratio of the
aperture radius to the incident wavelength, i.e.

. This relationship has been found to hold

in many materials except those that support surface plasmon resonances.
2.2.2 Extraordinary Optical Transmission
Extraordinary optical transmission, or EOT1-3,

29-34

, is the anomalous increase in the optical

transmission through subwavelength apertures in metallic film during the excitation of surface
plasmon polaritons (SPP)4,

33, 35

. It was first discovered by Ebbesen in 19981. EOT occurs

because SPP, while propagating along the interface of the metal and dielectric, can also tunnel
through the holes which act as a waveguide. The hole array acts as a diffraction grating, giving
the extra momentum needed to couple incident light to the SPP mode. Therefore, when the
excited SPP encounters the subwavelength apertures while propagating on the metallic film, it
can radiatively scatter back into the far field. If the SPP first tunnels through the sub-wavelength
apertures or couples to the other side of the film, the light will be re-radiated on the opposite side
from the incident light, creating a higher transmission than predicted by Bethe.
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2.2.3 Optical Properties of Gold Nanohole Arrays
Hole arrays are unique plasmonic substrates in that they can support both SPP and LSPR modes
simultaneously. SPP is involved in the enhanced transmission as discussed21, 36. The position of
SPP resonance can be estimated according to the SPP dispersion relation and the diffraction
coupling condition described in section 2.1.2. For hexagonally patterned nanohole arrays, as
created by NSL, the SPP resonance is given by17:

(8)

where
and

is the lattice constant of the periodic nanostructure; i and j are the lattice indices;
represent the dielectric constant of the dielectric and metallic film, respectively.

Opposite of the propagating SPP mode, the LSPR mode is confined to the edge area of the
nanoholes. The LSPR frequency of a nanohole is complementary to that of a nanoparticle of the
same size and shape, subject to the condition:20
(9)

where

is the LSPR frequency of a nanohole,

nanoparticle that has the same size and shape as the nanohole,

is the LSPR frequency of the
is the bulk plasma frequency

of the metal. The LSPR resonance leads to an increase in absorption or reflection in the UV-Vis
spectrum.
Another phenomenon that is often observed in nanohole arrays is Wood’s anomaly37. Wood’s
anomaly takes place at diffraction gratings when a diffracted order becomes tangent to the plane
of grating. It also appears as a transmission dip, however, with defining different origins and
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characteristics compared to LSPR. As LSPR behaves as a kind of standing electromagnetic wave,
its feature has nothing to do with the incident angle. In contrast, Wood’s anomaly is subject to a
red shift with an increase of the incident angle due to the diffraction gratings38.
The above description of resonance modes suggest the optical properties of Au nanohole arrays
are dominated by SPP and LSPR39-44. Thus, control of both resonance modes and their coupling
will determine the optical performance of the Au nanohole arrays. The LSPR of Au nanohole
arrays can be manipulated by controlling the incident radiation, the hole shape and diameter,
periodicity, metal composition, and dielectric environment45-50. In Au nanohole arrays, SPP are
excited when the diffraction grating conditions matches the SPP wavevector,51 determined by the
periodicity52 and incident angle. Cubic46, 53, 54 and hexagonal41, 55 patterned periodic nanohole
arrays differ in the direction in which the lattice wavevector is balanced against the SPP
wavevetor as well as the angle-resolved resonant excitation conditions. The highly symmetric
hexagonal nanohole arrays are less affected by changes in the incident angle than the cubic
nanohole arrays.

2.3 Sensing with Au Nanohole Arrays
2.3.1 Refractive Index Based SPR Sensors
The SPR peak shifts when the local refractive index is changed, such as due to the adsorption of
analytes36, 56, forming the basic principle of colorimetric SPR biosensors. This type of sensor is
demonstrated in Figure 2.4, where a Au nanohole array chip is first functionalized with ligands.
Next, analytes in solution are captured by the ligands-modified Au nanohole array, changing the
local refractive index and shifting the SPR peak. This type of sensor is possible using both SPP
and LSPR modes.
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Figure 2.4 Scheme of mechanism of SPR Sensor: ligand capturing the analyte on nanohole arrays,
shifting the SPR peak.

Ref

Figure 2.5 The sensorgram shows a cycle of SPR sensing process
The dynamics of the capture process can be monitored by the shift in the SPR peak as shown in
Figure 2.5. There are three stages. First, the association stage (point A to point B, with
dissociation neglected): accumulation of analytes over time continuously shifts the SPR peak;
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second, dissociation stage (C to D): the dissociation of captured analytes shifts the SPR peak
back; third, regeneration stage (E to F): removal of all the captured analytes for repeated use.
For most SPR sensors, the SPR peak shift is linearly related to the refractive index change, which
is given by57:
( 10 )

where R is the SPR peak shift, and

stands for the sensitivity of the SPR sensor with a unit of

RIU. Refractive index before and after analytes are captured is denoted by

and

,

respectively.
Originally, most SPR based refractive index sensors relied on the Otto or Kretschmann
configuration. Au nanohole array based SPR sensors, however, can take advantage of
extraordinary optical transmission and therefore are often used in transmission mode under
normal incidence58. The sensor can be applied to monitor biological reactions or molecular
bonding merely by immersing the Au nanohole array chip into the solution58, 59. This greatly
reduces the complexity of the optical setup60, 61, especially compared to angle resolved SPR
sensors which rely on coupling prisms. LSPR can be used similarly, using free space light to
measure the amount of analyte present, reducing experimental complexity. The rapid
development of fabrication techniques in the past decade has further reduced the complexity of
SPR based refractive index sensors by integrating the plasmonic substrate or nanoparticle into a
microfluidic chip62-64. The microfluidic chip is composed of a glass substrate which supports the
Au nanohole array and channels which facilitate solution flow, miniaturizing the entire
experimental setup.
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The first report of microfluidics integrated nanohole arrays65 used twelve square nanohole arrays
that had been fabricated and integrated into a microfluidic channel for monitoring the
biochemical bonding process in the biotin-streptavidin system with a sensitivity of 333 nm/RIU.
Similar work66-74 has been reported for real-time, label-free multiplex SPR sensing with analytes
placed on the surface of metallic nanohole arrays. SPR devices have further been built and
integrated with microscopes as well as portable fiber-optic spectrometers, greatly simplifying the
detecting process and allowing point of care application75, 76.
Apart from flow-over SPR sensors, flow-through SPR sensors were also developed taking
advantage of the rapid cross-stream transport through the nanoholes. For flow-through SPR
sensors77-79, the holes are open on both sides, making the reactants free to transport through the
nanoholes and thus increasing the chance for analytes to be captured77-79. Flow-through SPR
sensors are limited to the detection of small proteins.
In summary, refractive index based Au nanohole array sensors possess the advantages of a
simple configuration and straightforward operating principle, but suffer from low sensitivity and
are incapable of molecular identification.
2.3.2 SERS Sensors
The deficits of refractive index based sensors can be overcome using surface enhanced Raman
scattering (SERS). As a non-invasive optical technique capable of measuring molecular
fingerprints, surface-enhanced Raman spectroscopy80 has long been applied in biomedical
diagnosis, environmental monitoring, and even homeland security81-83. SERS is primarily based
on the local concentration of the electromagnetic field in plasmonics increasing the small Raman
scattering cross section84.
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There are two major mechanisms, however, that can be responsible for the SERS enhancement:
EM enhancement84,

85

and chemical enhancement (CE)86. While the EM enhancement is

attributed to the coupling between the incident radiation and surface plasmon resonances, the CE
can be ascribed to charge transfer between the metallic nanoparticle and the molecule. Both
mechanisms often co-exist in most SERS systems, with the EM field enhancement usually being
orders of magnitude larger than the CE enhancement. This is because the local EM field
undergoes incident enhancement and emitted enhancement, giving the overall SERS
enhancement scaling to the fourth power with the local EM field87, 88:
( 11 )
where

and

excitation frequency of

are the amplitudes of the local and incident electric fields at an
. The chemical enhancement on the other hand makes a relatively

small contribution to SERS because it happens when charge transfers from the metal to molecule
or vice versa under excitation, providing only one enhancement step which is highly dependent
on the local energy alignment. A typical CE process gives an enhancement of ~ 102.
Au nanohole arrays are promising for enhancing SERS because of the local EM field
concentration due to the LSPR and SPP modes. The enhanced transmission in Au nanohole
arrays was found to enhance SERS as a result of SPP involvement89-92. Under the enhanced
transmission condition, SPP were excited concentrating the EM field at the interface. As long as
the Raman laser excitation wavelength overlapped with the enhanced transmission peak, the
SERS signal was boosted due to the strong planer EM field. The LSPR of the Au nanohole array
was also used for a SERS enhancement, with the enhancement originating in the confined local
electromagnetic field, just like in Au nanoparticles93. Raman molecules must be placed near the
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edge area of the hole array in order to benefit from the local EM field, since it is concentrated in
this region.
To better understand the SERS enhancement from Au nanohole arrays, many studies have been
devoted to control the parameters of Au nanohole arrays and measure the resulting optical
properties. It was initially found that a narrower metallic film gap spacing led to higher SERS
enhancement factors93-96, given that the narrower gap better concentrated the electromagnetic
field. However, a later study on nanotriangle and nanohole arrays revealed that there was a
strong correlation between the SERS performance and the ratio of the hole diameter to the
periodicity of nanoarrays97. For a ratio of one, the hot spots were located at the tips of
nanotriangle arrays. When the ratio reduced to 0.75 ~ 0.7, nanohole arrays were created and
optimal SERS performance was consistently observed in this region. It was also observed the hot
spots moved to the center of the nanoholes when the ratio reduced to less than 0.4. The origin of
the SERS enhancement and optimal configuration, as well as the mixing between the SPP and
LSPR modes, remains unclear.
In summary, the advantages and challenges for using Au nanohole arrays to build a SERS sensor
co-exist.
First, the electric field is delocalized over the surface of gold nanohole arrays under the SPP
resonance and localized in a periodic fashion for the LSPR97, leading to a homogeneously
distributed field which can provide a highly repeatable and robust Raman signal. Second, gold
nanohole arrays support multiple resonance modes covering a wide range of the UV-Vis-NIR
spectrum, allowing flexible selection of the excitation wavelength. Third, the fact that gold
nanohole arrays are often fabricated on glass or quartz slides makes the integration of a SERS
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sensor device into microfluidics easy. Yet, there is an ambiguous understanding of how the
resonance modes are correlated to the optimal SERS performance, particularly as to whether the
LSPR or SPP is allowing the enhancement. SPP and LSPR are likely to co-exist on Au nanohole
arrays under most circumstances, yet without understanding the origin of each mode, the overall
optical response can not be optimized for use in a SERS based sensor. Further, the hole array is a
planar substrate, and given the analytes exist in the full volume above the chip, it is wished to
further extend the field in a three-dimensional plasmonic substrate.
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Chapter 3: Optical Studies of the Transition from Gold Nanotriangle Arrays
to Gold Nanohole Arrays
3.1 Introduction
The phenomenon of extraordinary optical transmission (EOT)1 is attributed to light-matter
interactions mediated by surface plasmon polaritons (SPP) in subwavelength nanohole arrays98.
In a patterned metal film the hole array allows the extra momentum needed to directly excite a
SPP. Further, the SPP on the incident light side can couple or transfer to the opposite side of the
metal film through the nanohole array. The SPP can then re-radiate into the far field again
because of the additional momentum supplied by the hole array. This allows for a higher
transmission of light than otherwise possible through the metal nanohole, since the
subwavelength SPP mode couples through the metal film and then re-radiates.
In recent years, SPP have been intensively studied in nanohole arrays because of the availability
of several fabrication methodologies, such as e-beam lithography (EBL), focused ion beam
milling (FIB), nanoimprint, and nanosphere lithography (NSL), which provide a high degree of
control over size and shape and are capable of producing nearly defect-free nanohole arrays on a
large scale. Of the aforementioned techniques, NSL offers a cheap and facile route for parallel
manufacture of nanostructures ranging from nanotriangle arrays to nanohole arrays. The different
shapes are accomplished by applying oxygen plasma etching to the polystyrene sphere pattern
prior to metal deposition. While no etching leads to a nanotriangle arrays since the metal can
only fill the holes between the polystyrene spheres, etching with longer times decreases the
sphere radius and increases the open area between spheres, resulting in nanohole arrays.
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Nanotriangle arrays are also known as Fischer’s patterns99, and are dominated by the localized
surface plasmon resonance (LSPR) response. The LSPR can be tuned by changing the materials,
edge size, and gap of the distance between adjacent nanotriangles99. For a single metallic
nanotriangle, the electromagnetic field is concentrated around the sharp tips. For the pair of
facing nanotriangles which make up a bowtie pair, the electromagnetic fields is confined in the
gap when the input polarization aligns with the bowtie nanotriangles interparticle axis100. The
large electromagnetic field has led to bowtie nanotriangles being used frequently in
applications15 such as surface enhanced Raman scattering (SERS) detection of biological
substances.
When oxygen plasma etching is applied, the PS spheres shrink, and more material is added to the
nanotriangle array until a nanohole array results. The periodicity of the subwavelength nanohole
array provides additional momentum allowing free space excitation of surface plasmon
polaritons (SPP). Multiple orders of the SPP resonances exist. The wavelengths of the various
SPP modes are highly dependent on the periodicity, as well as the dielectric environment in
proximity to the surface of the metallic nanostructure.
In addition to the SPP, LSPR can also co-exist in the nanohole array with the near field focused
at the rim of the nanohole101. It is expected that a complex interplay will exist as the plasmon
evolves from the LSPR mode in the nanotriangles to the periodic/localized mode in the nanohole
array. For an array of nearly connected nanotriangles the field should be focused in the narrow
gap, similar to a bowtie array99. As the nanotriangles form into holes, the field changes from
being focused in the gap to around the rim of the nanohole. This local field can exist at the same
time as the SPP travelling charge waves, and the intersection could lead to interesting optical
properties.
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Therefore, in this Chapter the optical properties of the evolution of an Au nanotriangle array into
an Au nanohole array are systematically investigated.

3.2 Experimental section

3.2.1 Materials
Quartz slides (AdValue Technology), polystyrene microspheres, glycerine, thiophenol (TP) (Alfa
Aesar), Deionized (D.I.) water produced by the Milli-Q Integral 3/5/10/15 system (18.2 MΩ·cm,
Millipore Corp., USA)
3.2.2 Instruments
Au nanotriangle arrays and Au nanohole arrays were characterized under a JEOL JSM-7600F
scanning electron microscope (SEM). Ocean Optics USB 4000 spectrometer was used to acquire
the transmission and reflection spectra of fabricated Au nanotriangle arrays and Au nanohole
arrays. Raman spectra were acquired with an Inspector Series, DeltaNu spectrometer.
3.2.3 Preparation of Au nanoarrays
The protocol for Au nanohole arrays fabrication using nanosphere lithography is shown in
Figure 3.1. Quartz slides were cut into small pieces (around 1 cm × 1.5 cm). They were then
washed by immersing into piranha base (H2SO4:H2O2=3:1 at 90 °C) for two hours. The quartz
slides were next successively sonicated in acetone, methanol, and D.I. water for 15 min,
respectively. After that, polystyrene (PS) microspheres were drop-coated on the cleaned quartz
slides to form a monolayer PS sphere template. In our study, PS microspheres with two different
diameters (500 nm and 600 nm) were used. After natural drying, the coated quartz slides were
put under oxygen plasma etching for various durations (from 0 min to 10.5 min with a step of 1.5
min). E-beam evaporation was first used to deposit a layer of Ti (5 nm in thickness) to enhance
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the adhesion between quartz substrate and Au nanohole array, followed by a 45 nm Au layer.
With a total thickness of 50 nm Ti-Au deposited, the PS microspheres were removed by
sonication in methanol. The as-prepared Au nanoarrays were finally rinsed with D.I. water and
dried by compressed nitrogen gas.
Figure 3.2 and Figure 3.3 show SEM images of the Au nanoarrays with various hole diameters.
Au nanotriangle arrays were formed if no etching was used. For short etching times, the
individual triangle nanoparticles became partially connected, forming bow-tie nanostructures.
After 4.5 min of etching, the Au nanohole array pattern showed up as a very thin bridge that
connects each triangle nanotriangle, completing the transition from an individual Au
nanotriangle array. For Au nanohole arrays with a periodicity of 500 nm under 4.5 min etching,
the hole diameter was reduced to around 410 nm; for Au nanohole arrays with a periodicity of
600 nm under 4.5 min etching, the hole diameter was reduced to around 510 nm.

Figure 3.1 Protocol of nanosphere lithography for Au nanohole arrays fabrication. (a) Substrate (quartz
slides) cleaning using acid piranha at 90 °C for two hours and sonicated in acetone, methanol, and D.I.
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water; (b) a monolayer of polystyrene was pattern on the cleaned substrate; (c) etch the PS spheres using
Oxygen Plasma Asher; (d) a layer of 5 nm Ti was deposited; (e) a layer of 45 nm Au was deposited; (f)
PS spheres were removed by sonication in methanol; (g) schematic Au nanohole arrays.

Figure 3.2 (a) to (h) corresponds to Au nanoarrays with a periodicity of 500 nm and hole diameters of
500 nm, 470 nm, 440 nm, 410 nm, 380 nm, 350 nm, 320 nm, 290 nm. (i) Hole diameter decreases linearly
with etching time
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Figure 3.3 (a) to (h) corresponds to Au nanoarrays with a periodicity of 600 nm and hole diameters of
600 nm, 570 nm, 540 nm, 510 nm, 480 nm, 450 nm, 420 nm, 390 nm. (i) Hole diameter decreases linearly
with etching time.

3.2.4 Measuring the refractive index sensitivity of Au nanoarrays
To measure the refractive index sensitivity glycerine-water mixtures were prepared to make a
series of solutions with refractive indices ranging from 1.33333 (only water) to 1.41299 (60%
glycerine in glycerine-water mixture). The shift in the resonances of the Au nanoarrays was
measured using a UV-Vis spectrometer for each refractive index solution. The resonance peaks
were found to scale linearly with the refractive index increment. The refractive index sensitivity
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for each Au nanoarray was defined as the ratio of the slope of peak shift verse refractive index
curve.
3.2.5 SERS response of Au nanoarrays
Thiophenol (TP) has four prominent Raman peaks at 997 cm-1, 1020 cm-1, 1071 cm-1, and 1571
cm-1 which were used to study the SERS response of the as-prepared Au nanoarrays. To coat a
uniform layer of the TP molecules on the surface of the Au nanoarrays, TP was first prepared in
ethanol with a concentration of 3 mM, and then the Au nanoarrays chips were immersed in the
solution for two days. The chips were washed by ethanol and dried under compressed nitrogen
gas, and after this the Raman measurements was taken.
3.2.6 FDTD simulations of Au nanotriangle/nanohole arrays
Finite Difference Time Domain (FDTD) was conducted to study the electromagnetic field
distribution and to calculate the transmission of the Au nanotriangle/nanohole arrays using the
commercially available Optiwave software102. The simulation cell with a grid size of 3 nm was
constructed to match the Au nanohole arrays fabricated. For full spectrum, the incident
wavelengths were from 400 nm to 1200 nm; for monochromatic light, 785 nm incident light was
used to match the laser used in SERS measurement. The refractive indices of gold and titanium
were referred to the data of Palik103. The quartz slides were given a refractive index of 1.53.
Gaussian pulse was used as the input wave and linearly polarized in both x and y direction. All
the simulations were subject to periodic boundary conditions to replicate the periodic gold
nanohole arrays.

3.3 Results and discussion
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3.3.1 Angle-resolved optical study
The angle resolved properties of the Au nanohole arrays were first investigated by FDTD
simulations. This was done to help clarify which peaks in the optical spectrum corresponded to
the LSPR and SPP modes. This is possible because SPP modes display a transmission maximum
or reflection minimum which changes with incident angle due to the changing momentum
matching conditions. In contrast, LSPR modes show a transmission minimum or reflection
maximum that is independent of the incident angle as no momentum matching is necessary for
excitation. Therefore by looking at the angular dependence the resonance modes of the Au
nanohole arrays fabricated, as shown in Figure 3.4, were easily determined. For Au nanohole
arrays with a periodicity of 500 nm, a hole diameter of 350 nm, and a film thickness of 50 nm,
the SPP mode is located at around 800 nm under normal incidence and the LSPR mode is located
at around 680 nm. For Au nanohole arrays with a periodicity of 600 nm, a hole diameter of 420
nm, and a film thickness of 50 nm, the SPP mode is around 940 nm under normal incidence and
the LSPR mode is found to be at around 780 nm. The difference of wavelengths at which the
resonance modes occur is caused by the periodicity difference. Au nanohole arrays with larger
periodicity supply less momentum making the excited SPP resonance mode red-shift.
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Figure 3.4 Simulated angle-resolved transmission & reflection spectra for Au nanohole arrays with a
periodicity of 500 nm ((a) and (b)), hole diameter of 350 nm, and film thickness of 50 nm, and 600 nm
((c) and (d)), hole diameter of 420 nm, and film thickness of 50 nm. The incident angle is defined as the
angle between the incident light and the direction normal to the surface.

3.3.2 LSPR evolution
Au nanotriangle arrays existed for short etching times. The Au nanotriangle arrays are composed
of individual isolated triangular nanoparticles arranged in a hexagonal manner. The transmission
minimum measured in Figure 3.5 is attributed to the LSPR absorption. The LSPR modes is
highly dependent on the size of the nanoparticle104. For smaller nanoparticles, dipolar resonances
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are excited. An increase of the size leads to higher order resonance modes (quadrupole, octupole,
etc.) being excited. As the nanoparticle size increases, the redshift of the LSPR can be thought of
as corresponding to how strongly the charge oscillations are localized. In small nanoparticles, the
oscillating charge is tightly confined compared to the wavelength of the plasmon. As the size
increases, the oscillations are increasing at the surface, and less resistance is felt to the oscillating
charges, red-shifting the resonance condition.
Shown in Figure 3.5 is the evolution of LSPR mode from no etching to 10.5 min etching with a
step of 1.5 min etching. For Au nanoarrays with a periodicity of 500 nm, the resulting hole
diameters are around 500 nm, 470 nm, 440 nm, 410 nm, 380 nm, 350 nm, 320 nm, and 290 nm,
respectively. For Au nanoarrays with a periodicity of 600 nm, the hole diameters after etching
are around 600 nm, 570 nm, 540 nm, 510 nm, 480 nm, 450 nm, 420 nm, and 390 nm,
respectively.
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Figure 3.5 Experimental UV-Vis spectra for Au nanoarrays with a periodicity of (a) 500 nm and (b) 600
nm. The star (*) shows LSPR positions in (c) with a periodicity of 500 nm and (d) with a periodicity of
600 nm.

The LSPR peak shifts in two distinct regions. First, when the etching time is small and
nanotriangles still exist, the peak redshifts with increasing size. Although the resonance will blue
shift for fixed size triangles as the gap distance decreases, this effect is not seen due to the
overall increase in triangle size104. Secondly, Figure 3.5 shows that during the transition from
nanotriangle to nanohole array the peak position blueshifts drastically (smaller than 410 nm for
Au nanohole arrays with a periodicity of 500 nm and smaller than 510 nm for Au nanohole
arrays with a periodicity of 600 nm). Further decrease of hole diameters leads to a continuous
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and steady red shift of the transmission minimum. The dramatic blueshifts of LSPR are caused
by the sudden change of the shape from nanotriangle arrays to nanohole arrays.
In the nanotriangle region, the LSPR resonance behaves in nanoparticle-like fashion, with the
redshift corresponding to increased nanotriangle size. In the nanohole array region, the LSPR
resonance of the nanoholes is complementary to that of the nanoparticles of the same shape,
related by20

, where

is the LSPR frequency of nanoholes,

is the LSPR frequency of nanoparticles that have the same shape as the nanoholes, and

is the

bulk plasma frequency. Therefore, when Au nanohole arrays just form, the large-size of the
nanohole corresponds to a large nanoparticle which has a redshifted frequency, and the Au
nanohole must have a more blue-shifted resonance. The switch from localized surface plasmon
in the nanoparticle to localized surface plasmon resonance in the void is the reason for the
dramatic switch in the transition region. The continuous red shift of the LSPR in the Au
nanohole array region after this point can therefore be interpreted complimentary to the blueshift
of the LSPR for a nanoparticle of decreasing size.
3.3.3 Refractive index sensitivity
To better understand the plasmonic properties in the transition from Au nanotriangle arrays to Au
nanohole arrays, the refractive index sensitivity was measured. A strong correlation between the
refractive index sensitivity and the hole diameters (see Figure 3.6) was found, with triangular
shaped Au nanoparticle arrays displaying a lower refractive index sensitivity than the Au
nanohole arrays. The transition zone as shown in Figure 3.5 corresponds to steadily increasing
refractive index sensitivity. Once the nanohole is formed, the sensitivity to the refractive index
remains a constant. The range over which the refractive index sensitivity increases corresponds
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to the region over which the LSPR was most sensitive to changes in topology, linking the two
experiments and revealing the region for which the confined electromagnetic field is most
susceptible to the local environment.
The refractive index sensitivity data missing in Figure 3.6 (a) for the Au nanohole array with a
periodicity of 500 nm and a hole diameter of 440 nm is due to the LSPR shifting outside of the
wavelength range of the UV-Vis spectrometer. The data for the Au nanohole array with a
periodicity of 500 nm and a hole diameter of 290 nm is also missing because the LSPR merges
with a SPP mode originating from the interface between the Au nanohole array and the quartz
substrate, making peak shift undeterminable.

Figure 3.6 Experimental refractive index sensitivity for Au nanoarrays with a periodicity of (a) 500 nm
and (b) 600 nm.

3.3.4 Hole size dependent resonance modes
FDTD simulations were used to verify the experimentally measured hole size dependent
resonances and gain insight into the changes seen in Figure 3.7. The size of nanoholes were
changed from 500 nm to 290 nm with a step of 30 nm for nanoarrays with a periodicity of 500
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nm, and changed from 600 nm to 390 nm also with a step of 30 nm for nanoarrays with a
periodicity of 600 nm. In the nanotriangle array region only the LSPR is measured. In the
nanohole region, both SPP and LSPR co-exist, necessitating FDTD simulations to further
confirm the origin of each mode. The simulation results show the Au nanohole array optical
properties beginning when the hole diameter is equal or smaller than 410 nm for a periodicity of
500 nm and equal or smaller than 510 nm for a periodicity of 600 nm. The LSPR modes were
found to linearly shift to the longer wavelength with a decrease in the hole diameter, which
confirmed the experimental results. Similar to LSPR, the SPP also shifts to the red in response to
the hole size decrease. Although from the diffraction condition the hole size should not affect the
periodicity and the SPP should remain at a constant wavelength, due to a weak scattering by
small holes, SPP is less efficiently excited and thus slightly red-shifts with a decrease of the hole
size.
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Figure 3.7 Simulated UV-Vis spectra of Au nanoarrays with (a) a periodicity of 500 nm, film thickness
of 50 nm, and hole diameters changing from 500 nm to 290 nm with a step of 30 (b) a periodicity of 600
nm, film thickness of 50 nm, and hole diameters changing from 600 nm to 390 nm with a step of 30 nm

3.3.5 Au film thickness dependent resonance modes
FDTD simulations were also conducted to investigate how the resonance modes changed with
the Au film thickness, shown in Figure 3.8. For Au nanohole arrays with a periodicity of 500 nm
and a hole diameter of 350 nm, both LSPR and SPP modes were found to remain unchanged
when the Au film thickness changed from 100 nm to 40 nm. With a film thickness of less than 40
nm, the SPP modes on the two interfaces of the Au nanohole arrays interacted with each other. A
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strong interaction occurred with further decreasing thickness, which split the SPP frequencies
into two branches which corresponded to low frequency mode (symmetric) and high frequency
mode (antisymmetric)17. Figure 3.8 (a) revealed that the SPP resonance mode with a wavelength
of around 800 nm split into a low frequency mode of around 1000 nm and a high frequency
mode of about 600 nm when the metallic film thickness reduced to 10 nm. The other low
frequency mode shifted to about 1150 nm and high frequency mode to around 700 nm for
original resonance at 940 nm in Figure 3.8 (c).

Figure 3.8 Simulated UV-Vis spectra of Au nanohole arrays with (a) and (c) a periodicity of 500 nm,
hole diameter of 350 nm, and film thickness changing from 10 nm to 100 nm with a step of 10 nm (b) and
(d) a periodicity of 600 nm, hole diameter of 420 nm, and film thickness changing from 10 nm to 100 nm
with a step of 10 nm.
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3.3.6 Periodicity dependent resonance modes
The periodicity of the Au nanohole arrays was also found to highly influence the resonance
modes (Figure 3.9). First, the periodicity was changed from 100 nm to 1000 nm while the ratio
of hole diameter to the periodicity was kept constant at 0.7 and the Au film thickness was kept
constant at 50nm. Second, the periodicity was changed from 400 nm to 1000 nm but the hole
diameter and Au film thickness were kept constant at 350 nm and 50 nm, respectively. In both
cases, increasing the periodicity consistently resulted in a red shift of both the SPP and LSPR
resonance modes. Compared to the hole size and film thickness, the periodicity led to larger
shifts in the resonance modes. A red shift of SPP is caused by the decrease of the extra
momentum supplied due to increasing periodicity making the coupling between incident light
and the surface plasmon less efficient. At the same time, the hole-to-hole separation was
enlarged at an increase of the periodicity. The LSPR resonance modes became less energetic as a
result of the increasingly isolated nanoholes and finally became red-shifted.
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Figure 3.9 Simulated UV-Vis spectra of Au nanohole arrays with varying periodicities from 100 to 1000
nm. (a) and (b): the ratio of hole diameter to periodicity is kept constant at 0.7 and the Au film thickness
remains at 50 nm; (c) and (d): the hole diameter and Au film thickness remain constant at 350 nm and 50
nm, respectively.

3.3.7 SERS response of Au nanoarrays
The goal of this Chapter is to gain an understanding of how Au nanoarrays with different hole
diameters contribute to SERS performance. Both Au nanotriangle arrays and Au nanohole arrays
were previously found to enhance SERS. However, no study has systematically clarified the
correlation between SERS performance and the optical properties of the two resonance modes in
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the Au arrays. There are several possible contributions to the SERS enhancement with the mixed
resonance modes.
First, the local EM field is highly concentrated due to the LSPR. In the Au nanohole array the
rim area of each individual hole is where the localized field is most intensively concentrated. For
Au nanotriangle arrays, the triangle tips and the connecting area of the bow-tie nanostructure are
where the hot spots are most likely to be found.
Second, SEM images (Figure 3.10 (b) and Figure 3.11 (b)) reveal that fabricated Au nanoarrays
have defects. These defects exist because of the mask being damaged during etching, forming
dimers or trimers of nanoholes and leading to cracks between connected triangles. These defects
act to further concentrate the local EM field beyond that possible if perfect order is assumed.
Third, significant reflectance from the Au nanohole arrays (Figure 3.7 (b) and (d)) can also play
a role in enhancing the SERS signal. For Au nanotriangle arrays, the LSPR leads to little
reflection. For Au nanohole arrays, the film area increases with a decrease of the hole diameter,
which makes the reflectance significant. As the laser with an excitation wavelength of 785 nm
does not overlap with each of the Au nanoarrays studied, resonant excitation of either LSPR or
SPP mode is unlikely to have involved in the strong reflectance, which is more likely to be
caused by the increasingly large gold film area with a decrease of hole diameters. Under strong
reflectance condition, the incident light has a higher probability of being scattered and the
Raman signal has a higher probability of being reflected back to the detector, increasing the
signal.
The combination of these three factors is seen in the experimental Raman data. The Raman
response from two kinds of Au nanoarrays with varying hole diameters is shown in Figure 3.10
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and Figure 3.11: one with a periodicity of 500 nm, a film thickness of 50 nm, and hole diameters
changing from 500 nm to 290 nm with a step of 30 nm; the other with a periodicity of 600 nm, a
film thickness of 50 nm and hole diameters changing from 600 nm to 390 nm with a step of 30
nm. The four prominent peaks from thiophenol at 997 cm-1, 1020 cm-1, 1071 cm-1, and 1571 cm-1
were used to gauge the SERS enhancement. For Au nanohole arrays with a periodicity of 500 nm,
as shown in Figure 3.10 (a), the Raman intensity increased steadily when the hole diameter
dropped below 500 nm and reached the maximum value when the hole diameter decreased to
440 nm. Below 440 nm, there was a sudden drop in intensity but it gradually increased again
until 350 nm, after which the intensity again decreased. For the 600 nm periodicity hole array,
the measured Raman intensity first decreased when the hole diameter decreased from 600 nm
then increased steadily until at a hole diameter of 510 nm.
The trend in Raman enhancement at both periodicities is found to follow a combination of the
reflection, local field without disorder, and local field with disorder as shown in Figure 3.10 and
Figure 3.11. A linear combination of each contribution was compared to the normalized Raman
intensity at 1071 cm-1, with the same contributions describing the data for both periodicities. This
data proves the mixed SPP and LSPR response of the Au nanoarrays can be decomposed into
three dominant factors.
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Figure 3.10 (a) Experimentally measured SERS response of Au nanoarrays with a periodicity of 500 nm,
a film thickness of 50 nm, and hole diameters changing from 500 nm to 290 nm with a step of 30 nm. The
Raman signals were acquired under 785 nm laser from thiophenol (TP) which was coated on Au
nanoarrays. Four prominent peaks of TP were plotted in the figure. (b) SEM image of Au nanohole arrays
with a periodicity of 500 nm, a film thickness of 50 nm, and a hole diameter of 350 nm. It reveals that
experimentally fabricated Au nanohole arrays are not in perfect order. The defects may have an influence
on the overall Raman performance. (c) A comparison of simulated electric field enhancement factors of
ordered and disordered Au nanoarrays, simulated reflection spectra, and measured Raman intensity on Au
nanoarrays with a periodicity of 500 nm, a film thickness of 50 nm, and hole diameter changing from 500
nm to 290 nm with a step of 30 nm. Both the defects and strong reflections of Au nanoarrays were taken
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into account in understanding the factors that contribute to the overall Raman performance. (d) A
comparison of the measured Raman intensity and the calculated Raman intensity. For the calculated
Raman intensity, the defects and reflection were linearly combined with perfect order nanoarrays to give
an overall contribution to the Raman performance.

Figure 3.11 (a) Experimentally measured SERS response of Au nanoarrays with a periodicity of 600 nm,
a film thickness of 50 nm, and hole diameters changing from 600 nm to 390 nm with a step of 30 nm. The
Raman signals were acquired under 785 nm laser from thiophenol (TP) which was coated on Au
nanoarrays. Four prominent peaks of TP were plotted in the figure. (b) SEM image of Au nanohole arrays
with a periodicity of 600 nm, a film thickness of 50 nm, and a hole diameter of 420 nm. It reveals that
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experimentally fabricated Au nanohole arrays are not in perfect order. The defects may have an influence
on the overall Raman performance. (c) A comparison of the simulated electric field enhancement factors
of ordered and disordered Au nanoarrays, simulated reflection spectra, and measured Raman intensity on
Au nanoarrays with a periodicity of 600 nm, a film thickness of 50 nm, and hole diameter changing from
600 nm to 390 nm with a step of 30 nm. Both the defects and strong reflections of Au nanoarrays were
taken into account in understanding the factors that contribute to the overall Raman performance. (d) A
comparison of the measured Raman intensity and calculated Raman intensity. For the calculated Raman
intensity, the defects and reflection were linearly combined with perfect order nanoarrays to give an
overall contribution to the Raman performance. All the data are normalized.

3.3.8 Scale Invariant Properties
Investigations above unraveled a couple of optical properties that are intrinsic to nanoarrays.
First, the transition zone from nanotriangle arrays to nanohole arrays occurs when the hole
diameter is reduced by 30 nm from the initial nanotriangle arrays. Second, LSPR resonance
modes are independent of the incident angle. Third, in the nanohole array region, LSPR and SPP
resonance modes shift to longer wavelength with an increase of the periodicity or with a decrease
of hole diameter but remain unchanged when film thickness exceeds 40 nm. Fourth, the local
EM field with ordered and disordered nanohole arrays and the reflectance from the metallic film
combined to give the final Raman enhancement.

3.4 Conclusion

In conclusion, we have systematically investigated the optical properties of Au nanoarrays. The
resonance modes supported by Au nanoarrays display a dependence on the hole diameter, film
thickness, and the periodicity. The LSPR peak evolutions and the refractive index sensitivity
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study revealed a distinct transition from Au nanotriangle arrays to Au nanohole arrays. Finally, a
study of the Raman response over varying hole diameters suggest a synergistic effects from the
electric field enhancement of the defect-containing and defect-free nanoarrays together with the
strong reflectance of Au nanoarrays in the overall contribution to the SERS intensity. These
results provide guidelines for selecting the proper nanoarray substrate for any SERS sensing
application.
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Chapter 4: Gold Nanohole Arrays Based Surface-Enhanced Raman
Scattering (SERS) Biosensor for Silver (I) Detection
4.1 Introduction
Metals105 such as mercury, lead, chromium, calcium, arsenic, and nickel can be very toxic to
humans and in response a series of techniques have been developed for their detection. Recently,
silver and silver composites began drawing attention due to increased application in electronics,
photographic imaging, and pharmaceutical aspects106, 107 and possible resulting exposure. Silver
in waste products ends up in the aquatic ecosystem, producing toxic silver ions. As well, adverse
effects from the release of metal ions, like silver in saliva from dental cast alloys has been
recently recognized108. While in vitro studies suggest that corrosion of dental alloys contributes
to the increase of metal ions in saliva, many in vivo studies fail to confirm the results because of
a lack of repeatable measurements. It is imperative to develop a quick and accurate measurement
method for metal ions in solution and in saliva.
Among previous detection methods for metal ions, the most popular are atomic absorption
spectroscopy, inductively coupled plasma/mass spectrometry, inductively coupled plasma/atomic
emission spectrometry, and ultraviolet-visible spectrometry109-112. Despite these techniques being
sensitive and selective, tedious sample preparation, expensive instrumentation, and professional
operation limit application in point of care and limited time measurement. Recently
oligonucleotide-based fluorescent sensors106, 107, 113, 114 were also proposed with a very low limit
of detection (LOD) for metal ions. However, the fluorescent sensors are based on organic dyes,
which suffer from photo bleaching, limited sensitivity, and poor reproducibility. Surface
Enhanced Raman Scattering (SERS)13 has the potential to avoid and/or overcome the common
drawbacks of the aforementioned methods, providing an alternative design path for the detection
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of silver ions due to its ultrasensitive detection ability, high reproducibility, molecular spectral
fingerprint, easy operation, and on-site detection capability115-117.
Noble metals (such as Au, Ag, and Cu) can support strong surface plasmon resonance (SPR)
which is tunable by changing the shape, size, and dielectric environment. SPR based sensors
have been widely studied due to the straightforward working mechanism and simplicity in
detection, however, they suffer from limited sensitivity and are intrinsically lack of selectivity
for molecular recognition118. Therefore, SERS sensors are often preferred in environmental
monitoring and biological detection. LSPR has been heavily studied in enhancing SERS. The
large electromagnetic field of LSPR is confined to a small volume, which renders the formation a
number of hot spots that enhance the otherwise weak Raman cross section. The LSPR can be
easily tuned to match the Raman laser excitation wavelength to achieve the optimal SERS
enhancement. Au nanostars stand out among nanoparticles of various shapes for SERS
enhancement (such as gold nanosphere, gold nanorod, and nanocube) because of two properties14.
First, the optical properties of Au nanostar results from the combination of two resonance modes,
one at the Au core and the other at the protruding tips119, allowing broad spectral coverage.
Second, the sharp tips offer highly confined and therefore highly enhanced electromagnetic
fields, significantly boosting the SERS signal.
Despite the excellent electromagnetic properties, local EM field enhancement is limited for a
single Au nanostars. To further enhance the local EM field, one way is to take advantage of the
LSPR coupling effect among multiple Au nanostars. For example, a Au nanostar dimer system
was constructed and tested for mercury ion detection120. Even so, coupling nanoparticles still has
negative side effects such as a high background due to aggregation and difficulty in separating
dimers from single nanoparticles without any analyte present. An alternative is to instead
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hybridize the plasmonic nanoparticle with a plasmonic substrate. The plasmonic substrate can
not only help enhance the local EM field, but also provides a way to avoid nanoparticle
aggregations and allow separation in the presence of the analyte.
Au nanohole arrays are therefore a high potential plasmonic substrate since it supports both SPP
and LSPR modes which can hybridize with the nanoparticle plasmon. As has been revealed in
Chapter Three, both resonance modes can be broadly tuned by simply changing the hole size,
periodicity, and film thickness to explore the optimum SERS enhancement. It was found that the
highest SERS signal was obtained for a periodicity of 600 nm, a hole diameter of 420 nm, and a
film thickness of 50 nm, providing an excellent starting point for a Au nanostar/Au nanohole
array coupled SERS sensor for silver ion detection.
Therefore, in this section the favorable properties of the Au nanostar and Au nanohole arrays will
be combined to build a SERS sensor for the detection of Ag+. The sensor is assembled as follow.
The Raman molecule MGITC is first electrostatically adsorbed on the surface of Au nanostar
with a layer of SiO2 resulting in Au nanostar@MGITC@SiO2 sandwich nanostructures. The Au
nanostar@MGITC@SiO2 sandwich nanostructure and Au nanohole array both display LSPR
peaks very close to the Raman excitation wavelength of 785 nm, ensuring that the maximum
Raman response can be achieved. To allow Ag+ detection, Au nanostar@MGITC@SiO2
sandwich and Au nanohole array were functionalized with complementary ssDNA sequences
except for the three deliberately designed C-C matches. In the presence of Ag+, Au
nanostar@MGITC@SiO2 sandwich nanoparticles are captured by the Au nanohole array through
hybridization of the two complementary ssDNA sequences and the formation of C-Ag+-C121.
This design strategy brings the LSPR of the nanostar into close proximity of the nanohole array,
allowing coupling of the local EM fields, and yielding a limit of detection as low as 170 fM in
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buffer solution. The sensor design outlined is highly promising in detecting trace amount of
elements in environmental and biomedical settings.

4.2 Experimental section
4.2.1 Chemicals and Reagents
DNA sequences of 5’- /5AmMC6/CT CCC CAT A -3’ and 5’- /5AmMC6/TA TCC CCA G -3’
were synthesized by Integrated DNA Technologies, Inc. Malachite green isothiocyanate
(MGITC) was purchased from Molecular Probes, Inc (IDT, Coralville, IA). Chloroauric acid
trihydrate (HAuCl4·3H2O), trisodium citrate dehydrate (Na3C6H5O7·2H2O, ACS, 90.0+%),
sodium hydroxide, silver nitrate (AgNO3, Premion, 99.995%), Na2HPO4 (99.0%), NaH2PO4
(99.0%), Calcium nitrate tetrahydrate (Ca(NO3)2, 99.0%), Iron (III) nitrate nonahydrate
(Fe(NO3)3, 98+%), Copper (II) nitrate hemi (pentahydrate) (Cu(NO3)2), Yttrium (III) nitrate
hexahydrate (Y(NO3)3, 99.9%), Indium (III) nitrate hydrate (In(NO3)3) were purchased from
Alfa Aesar. Sodium hydrobromide (NaBH4), poly (vinylpyrrolidone) (PVP, 10000), N, Ndimethylformamide (DMF), 11-mercaptoundecanoic acid (MUA), 11-mercapto-1-undecanol
(MU), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC),
Cobalt (II) nitrate hexahydrate (Co(NO3)2, 98+%), Chromium (III) nitrate nonahydrate
(Cr(NO3)3) were purchased from Sigma-Aldrich (St. Louis, MO). Nickel Nitrate 6-Hydrate
(Ni(NO3)2) was purchased from ScholAR Chemistry. Aluminium nitrate nonahydrate (Al(NO3)3,
99+%) was from ACROS. Zinc nitrate hexahydrate, min (Zn(NO3)2, 98%) came from Strem
Chemicals. 3-triethoxysilylpropyl succinic anhydride (TEPSA) was purchased from Gelest Inc.
Deionized (D.I.) water was produced by Milli-Q Millipore system (18.2 MΩ cm, Millipore Corp.,
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Billerica, MA) and was used in the whole experiment process for washing or reactions. All
chemicals were directly obtained from commercial vendors and used without further purification.
4.2.2 Apparatus
A JEOL JSM-7600F scanning electron microscope (SEM) and a JEOL JEM-2100F transmission
electron microscope (TEM) were used to image gold nanoparticles. UV-Vis spectra were
obtained by a Shimadzu UV-2550 spectrometer with a wavelength range of 200 ~ 900 nm.
Raman spectra were collected by a portable Raman spectrometer (Inspector Series, DeltaNu)
with an excitation wavelength of 785 nm. An Oxygen Plasma Asher (March PX-250 Plasma
Asher) was used to remove the organic groups bonded to the Au film substrates.
4.2.3 Preparation of Au nanostar@MGITC@SiO2 sandwiched nanoparticles
Gold star nanoparticles were prepared as reported previously122. A HAuCl4•3H2O aqueous
solution (1 mL, 1 wt %) was first diluted by water (90 mL), followed by the injection of sodium
citrate (2 mL, 38.8 mM). Freshly prepared NaBH4 solution was then slowly added. The mixed
solution was stirred overnight to form the seed solution. Subsequently, PVP (10 mM) was
dissolved into 50 mM of the above prepared gold seed solution and kept stirred for 24 hours.
After that, 82 μL of 50 mM HAuCl4 aqueous solution was mixed with 15 mL of 10 mM PVP in
DMF, followed by the rapid addition of 43 μL PVP-coated gold seed solution. The reaction
lasted about 13 hours. The as-prepared gold nanostar solution was washed by absolute ethanol
and D.I. water three times, respectively, and re-dispersed into D.I. water for further use (Figure
4.1).
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Figure 4.1 (a) SEM image of Au nanostar; (b) UV-Vis absorption spectra of Au nanostar and Au
nanostar@MGITC@SiO2; (c) and (d) SEM images of Au nanostar@MGITC@SiO2.

To make sandwiched nanoparticles, 15 uL MGITC was first added to 1 mL Au nanostar solution
(optical density was adjusted to be around 2.5), which was followed by the injection of 200 uL
TEOS (1%). The reaction was allowed to last 30 min. After being kept standing for 2 days, the
above solution was washed by ethanol and dispersed into D. I. water for further use (Figure 4.1).
If not specified otherwise, all reactions were conducted at room temperature.
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4.2.4 Preparation of Au nanohole array
Au nanohole arrays were fabricated on quartz slides in a cleanroom using nanosphere
lithography (NSL)10, as shown in Figure 4.2. The quartz slides were cleaned by immersion in an
acid piranha bath at 90 °C for two hours and were then sonicated in acetone, methanol and D. I.
water, respectively. A monolayer of polystyrene (PS) microspheres (600 nm in diameter) was
next coated on the quartz slides. After drying under ambient conditions, the monolayer-coated
quartz slides were placed under oxygen plasma etching, followed by e-beam evaporator
deposition of a gold layer. 5 nm Ti was used as an adhesion layer. Finally, the Au nanohole array
was obtained by removing the PS template using sonication in methanol.
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Figure 4.2 (a) to (g) Protocol for Au nanohole arrays fabrications; (h) SEM image of fabricated Au
nanohole arrays with a periodicity of 600 nm, a hole diameter of 420 nm, film thickness of 50 nm.

4.2.5 DNA Functionalization of Au Nanostar@MGITC@SiO215
Au nanostar@MGITC@SiO2 was first diluted to 1.5 mL. Then 20 uL TEPSA was added. The
mixed aqueous solution was incubated overnight to achieve COOH-terminated Au
nanostar@MGITC@SiO2. After washing with ethanol, the precipitate was dissolved into 2 mL
solution containing 50 mM NHS and 200 mM EDC. After incubation for 4 h, the COOH group
was activated. Then, 50 uL DNA oligo solution (20 uM) of 5’-NH2-(CH3)6-CT CCC CAT A -3’
was added. After overnight incubation, the solution was washed with PBS buffer solution (10
mM MOPS and 30 mM NaNO3, pH 7.0) to get the aptamer-functionalized gold nanoparticles,
which were dissolved into PBS buffer solution (10 mM MOPS and 30 mM NaNO3, pH 7.0) for
further use.
4.2.6 Functionalization of Au Nanohole array/Au film
The Au nanohole array substrate was first cleaned by successive sonication in acetone, methanol,
and D.I. water for 10 min at each step. After being dried using nitrogen gas, the nanohole arrays
were cleaned by an Oxygen Plasma Asher at 300 W for 2 min. The cleaned Au nanohole array
substrates were immersed into the aqueous solution containing 100 mM MUA and 100 mM MU
overnight. The resulting MUA/MU functionalized substrates were washed by ethanol and D.I.
water and were incubated into 50 mM NHS and 200 mM EDC to get activated. Afterwards, 50
uL DNA oligo solution (20 uM) of 5’-NH2-(CH3)6-TA TCC CCA G -3’ was added. After
incubation overnight, the substrates were successively washed with PBS buffer solution (10 mM
MOPS and 30 mM NaNO3, pH 7.0) to remove the unattached DNA oligo.
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The Au film went through the same procedure for functionalization with ssDNA as the Au
nanohole array.
4.2.7 Preparation of Metal Ions Solutions
Ag+ aqueous solution with various concentrations of 1 pM, 2 pM, 5 pM, 10 pM, 20 pM, 50 pM,
100 pM, 200 pM, 500 pM, 1 nM, 2 nM, 5 nM, 10 nM, 20 nM, and 50 nM was prepared in PBS
buffer solution (10 mM MOPS and 30 mM NaNO3, pH=7.0). 50 nM metal ion solutions of Ca2+,
Ni2+, Co2+, Al3+, Fe3+, Cu2+, Zn2+, Y3+, In3+, Cr3+, and a mixture of the above metal ions with Ag+
were also prepared in PBS buffer solution (10 mM MOPS and 30 mM NaNO3, pH=7.0) to test
the selectivity and anti-interference capability of the biosensor.
4.2.8 Ag+ Detection with SERS Sensor
35 uL DNA-modified Au nanostar@MGITC@SiO2 sandwich nanoparticle solution was first
dropped on the DNA-functionalized Au nanohole array (Au film) substrate, followed by another
drop (35 uL) of Ag+ solution with different concentrations. After a 16 min incubation, the
substrates were washed with PBS buffer (10 mM MOPS and 30 mM NaNO3, pH 7.0) to remove
the unbounded Au nanostar@MGITC@SiO2 nanoparticles. Nitrogen gas was blown to dry the
substrates. For each sample, the Raman spectra were acquired at three different points on the
nanohole array with an accumulation time of 2 seconds. The SERS sensor working conditions
were first optimized as shown in Figure 4.3.
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Figure 4.3 SERS sensor working conditions optimization (a) Ionic strength optimization. The optimal
ionic strength was found to be 30 mM; (b) Incubation time optimization with the optimal value of 16 min;
(c) pH optimization. Neutral pH is preferred.

Figure 4.4 Schematic illustration of the functionalization of Au nanostar@MGITC@SiO2, Au film, and
the SERS sensor operation principle. Au nanostar@MGITC@SiO2 sandwich was functionalized with
single-stranded DNA sequence of 5’-NH2-(CH3)6-CT CCC CAT A -3’; Au film was functionalized with
single-stranded DNA sequence of 5’-NH2-(CH3)6-TA TCC CCA G -3’.
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4.3 Results and discussion
4.3.1 Operation Mechanism of SERS Sensor
The primary idea of the SERS sensor is to use of Ag+ as a bridge to bring Au
nanostar@MGITC@SiO2 to the surface of the Au nanohole array (Figure 4.4) through the
formation of C-Ag+-C121. The Au nanohole array then offers the platform on which the detection
takes place. Since the Raman molecules are sandwiched into the structure of the Au
nanostar@MGITC@SiO2, a SERS signal will only exist when Ag+ ions are present. The SERS
signal therefore allows for the Ag+ concentration to be accurately quantified.
4.3.2 Comparison of SERS Sensor Performance on Au Nanohole Array and Au film
Both Au nanohole arrays and Au films were used to test the performance of the SERS sensor.
The experimental process flow is as follows. First, Au nanostar@MGITC@SiO2 solution was
dropped on the ssDNA-functionalized substrate, which wass immediately followed by another
drop of Ag+ solution with varying concentration. The hybridization of the two single-stranded
DNA sequences took place with the formation of C-Ag+-C, and after 16 min of incubation, the
amount of Au nanostar@MGITC@SiO2 nanoparticles bonded on the substrate became saturated
(Figure 4.3 (b)). The substrate was next rinsed with PBS buffer solution (pH=7.0) and dried
using nitrogen gas. Finally, the Raman spectra were acquired by illuminating the substrate.
The SERS signal was found to be proportional to the Ag+ concentration for low values (Figure
5(a)). Above 10 nM, the SERS signal got saturated as a result of the fully occupied bonding sites.
For the linear region, a calibration curve was obtained by plotting the peak at 1174 cm -1 with
respect to the logarithmic concentration of Ag+. The linear range was determined to be from 2
pM to 10 nM with the fitting equation as y=1400x+110, R2=99% for Au nanohole array and
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y=370x+330, R2=98% for Au film, where y is the SERS intensity at 1174 cm-1, x is the
logarithmic concentration of Ag+. The slope of the fitting equation indicates the sensitivity of
the SERS sensor, meaning the sensor built on the Au nanohole array is about 3.8 times more
sensitive than that built on Au film. The limit of detection (LOD) was estimated based on three
times the standard deviation/slope123 by the International Union of Pure and Applied Chemistry
(IUPAC) standard. The results showed a LOD of 170 fM for Au nanohole array and 700 fM for
Au film.
The Au nanohole proved to be a better plasmonic substrate for the SERS sensor. Compared to
most conventional fluorescence methods106, 107, 113, the SERS sensor is advantageous in that it
reaches a higher sensitivity and a lower LOD. The reason of the better performance of Au
nanohole array may be ascribed to the synergistic coupling of the local fields of the Au nanostar
and Au nanohole array, of which is impossible in the non-patterned Au film.
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Figure 4.5 (a) SERS spectra of Au nanostar@MGITC@SiO2 on Au nanohole array in the SERS sensor
for the detection of Ag+. (b) Plots of SERS peak intensity at 1174 cm-1 as a function of the logarithmic
concentration of Ag+. (c) Calibration of the linear range of (b). (d) Performance of the SERS sensor. The
black curve stands for the sensor on Au nanohole array while the red curve stands for that on Au film.

4.3.3 Selectivity
A selectivity test was conducted to check the SERS sensor’s anti-inference capability. A series of
metal ions, Al3+, Ca2+, Cr3+, Cu2+, Fe3+, In3+, In3+, Ni2+, Y3+, Zn2+, plus a mixture of the above
ions with Ag+ were prepared with a concentration of 50 nM in the buffer solution of 10 mM
MOPS and 30 mM NaNO3 at pH 7.0. In Figure 4.6, the test results show Ag+ gives a high
Raman intensity while the other metal ions only give a limited Raman response due to the
unspecific bonding that results from the C-C mismatch.
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Figure 4.6 Selectivity test of the SERS sensor against metal ions: Al3+, Ca2+, Cr3+, Cu2+, Fe3+, In3+, In3+,
Ni2+, Y3+, Zn2+, a mixture of the above ions with Ag+, and Ag+. All of the solution has a concentration of
50 nM in the buffer solution of 10 mM MOPS and 30 mM NaNO3 at pH 7.0.

4.3.4 SERS Enhancement by Au Nanohole array
Au nanohole arrays provide a plasmonic platform with a lower LOD, higher slope, and higher
selectivity toward silver ions. The increase in performance compared to a Au film is attributed to
the coupling between the Au nanostar and Au nanohole array. FDTD simulations were used to
clarify that the local electromagnetic field led to the measured increases in performance relative
to a single nanoparticle and a bare Au film.
As the Au nanostar could be found at any location on the Au nanohole array, various scenarios
were considered in the FDTD simulation. Figure 4.7 (a) is an SEM image of an Au nanohole
array chip with a periodicity of 600 nm, a film thickness of 50 nm, and a hole diameter of 420
nm. Two areas were extracted from the image for the FDTD simulation. For the red dashed
rectangle, shown in Figure 4.7 (c), Au nanostars were modelled to be located at point A, B, C,
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and D. Point A being in the middle of the gap between two nearest holes; point B being located
at the right edge of a nanohole; point C being at the center of the gap between three closest holes;
point D being at the lower edge of a hole. For the green dashed rectangle, shown in Figure 4.7
(b), the Au nanostar was modelled to be located at the center of the nanohole, to check the small
chance that the Au nanostar could sit inside the hole despite this area not being functionalized
with ssDNA. The two kinds simulation cells were created to ensure the most probable locations
of Au nanostar on Au nanohole array had been taken into account. For all the simulations, a
monochromatic incident light with a wavelength of 785 nm was used to match the laser used in
real experiments.

Figure 4.7 (a) SEM image of Au nanohole array with a periodicity of 600 nm; the dashed red and green
rectangles correspond to (b) and (c) in FDTD simulations. (b) One kind of FDTD simulation cell: point E
shows Au nanostar is put at the center of a nanohole (c) The other kind of FDTD simulation cell with Au
nanostar put at four different locations: point A is in the middle of the gap between two closest nanoholes;
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point B is at the right edge of a nanohole; point C is in the center of the gap between three closest
nanoholes; point D is at the lower edge of a nanohole.

Figure 4.8 (a), (d) and Figure 4.9 (a) reveal that the EM field of the Au nanohole array was
localized at the rim of the holes when the LSPR was excited. Therefore, for Au nanostars to have
a strong coupling with the LSPR mode of the Au nanohole array, they must be as close to the rim
of the holes as possible. Of all the simulated positions, point B and D were the most probable
position for the coupling to happen. Figure 4.8 (b) reveals that under x polarization, an Au
nanostar sitting at point B (rim of the hole) strongly interacted with the LSPR mode of the Au
nanohole array, resulting in a SERS enhancement factor of 7.8×106. Under y polarization, point
D had the same coupling with the LSPR mode with an enhancement factor of 2.3×106. The other
positions represented by point A, C, and E, as shown in Figure 4.8 and Figure 4.9, did not
support strong coupling between Au nanostar because they were far from the short decay length
of the LSPR field. Table 1 and Table 2 list all the simulated SERS enhancement factors under
the different placement positions. In contrast, Au nanostar had a relatively weak coupling with
Au film. The enhancement factor was calculated to be round 2.4×104, explaining the difference
in performance.
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Figure 4.8 FDTD simulated electromagnetic field distributions with 785 nm incident light. (a) and (d)
show the electromagnetic fields on Au nanohole arrays with a periodicity of 600 nm and hole diameter of
420 nm using x- and y-polarized incident light, respectively; (b) to (c) and (e) to (f) show the field
enhancement of Au nanostars located at different places on Au nanohole array with x- and y-polarized
light, respectively.
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Figure 4.9 FDTD simulated electromagnetic field distributions with a y-polarized 785 nm incident light.
(a) the field distribution on Au nanohole array with a periodicity of 600 nm and diameter of 420 nm; (b)
the field enhancement of Au nanostar at the center of nanohole.

Table 4.1 SERS enhancement factors of Au nanostars at different locations on Au nanohole array. The
SERS enhancement factors in the table were from the M-N and R-S cross-sections. The M-N corsssection was shown in Figure 4.10 (c); R-S cross-section was shown in Figure 4.11 (d).

Table 4.2 SERS enhancement factors of Au nanostars at different locations on Au nanohole array. The
SERS enhancement factors in the table were from the X-Y cross-sections.
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The excellent performance of the SERS sensor built with Au nanostar on Au nanohole array
could thus be understood as a result of the strong coupling between the Au nanostar and the
LSPR mode of the Au nanohole array. While different positions on the Au nanohole array
supported different levels of coupling, the rim area provided the highest enhancement factor
while the gap area offered generally lower enhancement factors, still producing an average
enhancement larger than nanostars on the Au film.
4.4 Conclusion
In summary, we have successfully developed a SERS sensor for silver ions detection based on
the strong coupling between Au nanostar and Au nanohole array. The presence of Ag+ leads to
the formation of C-Ag+-C pairs, resulting in the hierarchical nanostructure of Au
nanostar@MGITC@SiO2 via DNA hybridizations. The Au@MGITC@SiO2 sandwich
nanoparticles are selectively binded to create Raman signal intensity proportional to the
logarithmic concentration of Ag+. This approach provides a facile way for metal ion detection
with high sensitivity and selectivity. It is expected that the hierarchical nanostructure is
promising for integration into microfluidic system for on-site sensing applications.
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Chapter 5: Conclusions and Recommendations on Future Work
5.1 Conclusions
In this thesis, a systematic study of the optical properties of Au nanoarrays was conducted,
revealing a strong correlation between the Raman performance and the local electric field
enhancement of the order, disorder, and reflectance. On the basis of this understanding of the
Raman response for Au nanoarrays with different parameters, an optimized Au nanohole array
with a periodicity of 600 nm, a hole diameter of 420 nm, and a film thickness of 50 nm, was
employed to build an SERS sensor for silver ion detection. The strong LSPR coupling between
Au nanostar and Au nanohole array was utilized to create a high sensitivity and very low limit of
detection sensor.
More detailed conclusions are as follows:
(1) Au nanotriangle arrays behave like nanoparticles which are dominated by the LSPR
resonance mode; in contrast, in addition to the LSPR resonance mode, Au nanohole
arrays can also support SPP modes;
(2) The transition zone between the Au nanotriangle array and the Au nanohole array exists
when the film networks of Au nanohole arrays are seamlessly formed. Specific to Au
nanoarrays with a periodicity of 500 nm, the transition zone takes place when the hole
size lies in the range of 440 nm ~ 410 nm; to Au nanoarrays with a periodicity of 600 nm,
it takes place when the hole size is between 540 nm ~ 510 nm;
(3) The refractive index sensitivity of Au nanotriangle arrays is small but is subject to a
steady increase at the transition zone since the electromagnetic field changes drastically.
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The LSPR peak position also shifts in this range as the resonance goes from metal
nanoparticle to a void in the metal film;
(4) For Au nanohole arrays, the LSPR resonance mode is independent of the incident angle
but the SPP resonance mode is angle-resolved, which is imposed by the momentum
conservation condition;
(5) The resonance modes of Au nanoarrays show a dependence on the hole diameter and
periodicity. A decrease of the hole diameter or an increase of the periodicity leads to a
red shift of the resonance modes. Au film thicker than 40 nm do not influence the
resonance modes but below 40 nm, the resonance modes red shift with a further decrease
of the film thickness due to the interactions of the SPP modes on both sides of the Au
nanoarray;
(6) The Raman response of Au nanoarrays was found to be a synergistic effect of the electric
field enhancement of both defect-containing and defect-free nanoarray and the
reflectance;
(7) When the LSPR resonance mode overlaps with the Raman excitation wavelength, there
will be an optimal Raman performance, which was demonstrated by Au nanohole arrays
with a periodicity of 600 nm, a hole diameter of 420 nm, a film of 50 nm, and a LSPR
wavelength of around 780 nm;
(8) A SERS sensor built on the optimized Au nanohole array exhibited improved sensitivity
compared to a Au film, a lower limit of detection, and a strong selectivity towards silver
ions. The improved performance is due to the strong coupling between the Au nanostar
and Au nanohole array.
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5.2 Recommendations on Future Work
Study of the optical properties of Au nanoarrays provides us with a guideline in selecting the
right Au nanohole array for building SERS sensors. The demonstration of a SERS sensor to
detect silver ions under laboratory conditions shows the potential of the sensor to be
implemented in real life applications. Based on the work done in this thesis, the following
recommendations are made for future work：

(1) Establish a protocol, an archive, or database regarding the control of the optical

properties, especially the Raman response, of Au nanoarrays. This requires an expansion
of the Au nanoarrays being studied both experimentally and theoretically by FDTD
simulations. It is expected a stronger correlation between the Raman response and the
optical properties of Au nanoarrays will be observed;
(2) Assess the capability of the SERS sensor with real samples, like river water and human

fluids. A lack of a feasibility test using real substances greatly restrain and highly limits
the application of the SERS sensor;
(3) The working mechanism of the SERS sensor is based on C-Ag+-C bonding, which is

highly specific. Following this principle, it is necessary and beneficial to explore similar
structures and reaction mechanism in order to develop sensors capable of wide range
detection applications.
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